Large sets of genotypes give rise to the same phenotype because phenotypic expression is highly redundant. Accordingly, a population can accept mutations without altering its phenotype, as long as they transform its genotype into another one on the same set. By linking every pair of genotypes that are mutually accessible through mutation, genotypes organize themselves into genotype networks (GN). These networks are known to be heterogeneous and assortative. As these features condition the probability that mutations keep the phenotype unchanged-hence becoming blind to natural selection-it follows that the topology of the GN will influence the evolutionary dynamics of the population. In this letter we analyze this effect by studying the dynamics of random walks (RW) on assortative networks with arbitrary topology. We find that the probability that a RW leaves the network is smaller the longer the time spent in it-i.e., the process is not Markovian. From the biological viewpoint, this "phenotypic entrapment" entails an acceleration in the fixation of neutral mutations, thus implying a non-uniform increase in the ticking rate of the molecular clock with the age of branches in phylogenetic trees. We also show that this effect is stronger the larger the fitness of the current phenotype relative to that of neighboring phenotypes.
Large sets of genotypes give rise to the same phenotype because phenotypic expression is highly redundant. Accordingly, a population can accept mutations without altering its phenotype, as long as they transform its genotype into another one on the same set. By linking every pair of genotypes that are mutually accessible through mutation, genotypes organize themselves into genotype networks (GN). These networks are known to be heterogeneous and assortative. As these features condition the probability that mutations keep the phenotype unchanged-hence becoming blind to natural selection-it follows that the topology of the GN will influence the evolutionary dynamics of the population. In this letter we analyze this effect by studying the dynamics of random walks (RW) on assortative networks with arbitrary topology. We find that the probability that a RW leaves the network is smaller the longer the time spent in it-i.e., the process is not Markovian. From the biological viewpoint, this "phenotypic entrapment" entails an acceleration in the fixation of neutral mutations, thus implying a non-uniform increase in the ticking rate of the molecular clock with the age of branches in phylogenetic trees. We also show that this effect is stronger the larger the fitness of the current phenotype relative to that of neighboring phenotypes. How evolutionary innovations arise and which molecular mechanisms underlie the adaptation of populations are two fundamental questions of the road map towards a complete evolutionary theory [1] . Genotypes, which encode the information required to construct organisms, are affected by mutations that may modify the phenotype, their visible expression and the target of natural selection. The relation between genotype and phenotype is not one-to-one, but many-to-many. In particular, it is known that genotypes encoding a specific phenotype form vast, connected networks that often span the whole space of possible genotypes. The existence of these networks in the case of proteins was postulated by Maynard Smith [2] as a requirement for evolution by natural selection to occur. Subsequent research has shown that these networks do exist for functional proteins [3] , for other macromolecules as RNA [4] , and also for simple models mimicking regulatory gene networks [5] or metabolic reaction networks [6] .
Genotype networks (GNs) are heterogeneous. Some genotypes are brittle and easily yield a different phenotype under mutation. They have one or a few neighbors within the GN. Other genotypes, instead, can stand a very large number of mutations without compromising biological or chemical function. The degree distribution of several GN has been measured and is remarkably broad [1, 7, 8] . Populations evolving on such networks tend to occupy maximally connected regions in order to minimize the number of mutations changing their phenotype [9] . The topological properties of GN and their size also condition other features of the evolutionary process, such as the time required for a population to attain mutation-selection equilibrium [7] , the diversity of phenotypes that can be encountered when evolving on a precise GN [10] , the persistence of a phenotype under mutation [11] , or the overdispersion of the molecular clock [12] . The existence of vast GN, together with the great phenotypic diversity of small neighborhoods around single genotypes permits an almost costless navigation of the space of genotypes: GN promote adaptation and evolutionary innovation [1, 13] .
Those facts notwithstanding, it has been suggested that the existence of a multiplicity of genotypes representing the same phenotype may act as an entropic barrier, hindering the localization of fitter but rare phenotypes [14] . In addition, there is evidence that the average degree of GN grows with their size [15] , so increased connectivity should be added to this entropic effect. Further, highly connected regions of GN are not randomly distributed within those networks. Thermodynamical arguments [16, 17] and analyses of full GN [15] indicate that nodes tend to cluster as a function of their degree, implying that GN are assortative.
In this Letter we study the consequences of heterogeneity and assortativity on the dynamics of a random walker on GN. We demonstrate that the microscopic dynamical process is non-Markovian: as time elapses, the likelihood that the random walker visits nodes of increasingly higher degree augments (a dynamic manifestation of the "friendship paradox" [18] of networks), such that its probability of leaving the network turns out to explicitly depend on the elapsed time. That probability de-creases with time and ushers in phenotypic entrapment. This result is fairly general and has strong implications in the derivation of effective models of phenotypic change and in the calibration of molecular clocks.
To devise our model we make a set of assumptions. We assume that the whole genotype landscape is partitioned into GNs, each corresponding to a different phenotype. The one-to-one mapping from GN to phenotype is a simplifying assumption that is not literally true for every model (for instance, it fails for intrinsically disordered proteins [19] ). This nonetheless, the description we will present can be extended to situations in which genotypes map into several phenotypes. Two genotypes are connected by a link if there is a mutation that transforms one into the other. In most models these links represent point mutations, but the description we will make runs at an abstract level and is valid regardless of the nature of the links defining the GN.
Our most restrictive assumption is the mean-field-like description of the network we are going to work with. We will characterize the network only by its degree distribution, p(k) (the probability that a node has degree k), and its nearest neighbor degree distribution p nn (k|k ) (the probability that a degree k node's neighbor has degree k), where k, k = 1, . . . , z. We are assuming that there is a maximum degree z in the GN. This is true if genotypes are sequences of an alphabet (like RNA bases or aminoacids), but should be relaxed for more general settings. Typically, z 1. Fitness is associated to the phenotype. This implies that evolution within a GN is neutral. Thus, as far as the dynamics within a given GN is concerned, fitness can be ignored. We should only take it into account when there is a jump from a GN to a different one. As of neutral evolution, population dynamics distinguishes two basic regimes. If µ denotes the mutation rate and N the (effective [20] ) population size, these correspond to low (µN 1) and high (µN 1) mutation rates. In the former, every mutation either gets fixed in or disappears from the population before a new mutation occurs, so the population is always homogeneous and its evolution is well described as a single random walk on the GN. For high mutation rate populations are heterogeneous and we need an ensemble of (possibly coupled) random walkers to account for their evolution. Fitness then changes the composition of this population. Thus in both cases a random walk on the GN is the basic process underlying the evolution of the population.
Since the mean field description assumes that all nodes of the same degree are equivalent, the random walk on the GN can be described as a stochastic process X(t) taking values in the set {0, 1, . . . , z}. These values represent the degree of the node the walker is in at time t. State 0, however, represents the outside of the GN. If the walker jumps to this state the phenotype changes and other considerations are needed to follow up the evolution. To our purposes the process ends at this point, so 0 will be an absorbing state.
This process is a continuous-time Markov chain with a transition rate given by Pr{X(t + δt) = k|X(t)
The rationale for this choice is that z − k links of the starting node point outside the GN and k point inside, and if the process stays, the probability that the node it jumps to has degree k is p nn (k|k ). (Notice that the normalization of p nn (k|k ) renders matrix W stochastic.) Transition rates µ k need further consideration. If k > 0 the mutation is neutral, hence µ k = µ, because in that case the mutation rate is also the rate of fixation of neutral mutations in a population of any size [21] . On the other hand, µ 0 implies a jump outside the GN, hence a phenotypic change. The new phenotype may have a different fitness, and the rate at which non-neutral mutations fixate in a population of effective size N is
, where f is the fitness of the current phenotype relative to that of the phenotype the process jumps to [20] . The ratio φ ≡ µ 0 /µ can take any value in the interval 0 < φ < N . The lower bound occurs if purifying selection eliminates any phenotype other than the current one; the upper bound is the rate at which the population adopts a highly fit new phenotype. Neutral changes of phenotype correspond to φ = 1.
There is a simplification implicit in the expression of φ though. If the neighboring GNs are diverse in fitness values, φ should be replaced by an appropriate average over this diversity-weighted with the probabilities of jumping to these other GNs. In any case some factor 0 < φ < N will account for the differences in fitness between the current GN and those of its neighbors. For the discussion to come we do not need to specify its precise form.
The probability distribution of the process P k (t) ≡ Pr{X(t) = k} satisfies the master equatioṅ
Using (1) and setting µ = 1 (i.e., measuring time in units of µ −1 ), equations for k = 1, . . . , z can be expressed in matrix form asṖ = −(S + A)P, where P ≡ (P 1 , . . . , P z )
T , S = diag(φs k ), and A = (a kj ), with
The initial condition is set as
The rationale for this choice is that the process starts as soon as the walker jumps into the GN from the outside and is equally likely to do it through any link pointing outwards. Thus the probability that a node of degree k is chosen as the entry node follows from the fact that it has z − k outbound links. Equation (2) for k = 0 yields a differential equation for Q(t) ≡ 1 − P 0 (t), the probability that the walker remains in the GN at time t, namelyQ = φ[κ · P(t) − Q], whose solution is
where
Given the high assortativity of GN [15] we can gain some insight by making the simplifying assumption p(k|j) = δ kj , which amounts to setting A = 0 in the equation for P. The straightforward solution in this case will be P k (t) = P k (0)e −φs k t for k = 1, . . . , z, and
where α k = φs k , q k = P k (0), for k = 1, . . . , z, and α 0 = φ, q 0 = 1 − z k=1 q k . Simple as this result may seem, it reveals a most relevant feature: many timescales contribute to the dynamics as a consequence of the different connectivity of the nodes of the GN. Given the extreme assortativity we are assuming (equivalent to having a GN made of disconnected, homogeneous components), these time-scales are simply determined by the degree of the node through which the walker initially gets in. The restoring of A will mix up all degrees and blurr this cartoon picture, but will otherwise keep the result (6) essentially unchanged.
To analyze the solution of the equation for P it is worth restating it in slightly different terms. First of all, if p(k) = 0 for some k-i.e., k is not in S, the support of p(k)-then P k (0) = 0 and p(k|j) = 0. In that caseṖ k = −[φ + (1 − φ)k/z]P k and therefore P k (t) = 0 for every t ≥ 0. We can thus simplify our problem by constraining the indexes to lie in S. AccordinglyP(t),S, andĀ will denote the subvector of P(t) and submatrices of S and A whose indexes are constrained to S.
Define now the matrix M(x) ≡S + xĀ, where x is a complex variable. According to standard perturbation theory [22] , the eigenvalues of M(x) form a set of analytic functions of x with constant cardinality, except for a finite set of singular points in the complex plane. We have just seen that the number of different eigenvalues of M(0) coincides with the dimension of the matrix (the cardinal of S), therefore M(x) is diagonalizable except when x is one of those singular points. Now, x = 1 will not be a singular point for almost all probability distributions p(k|j). If p(k|j) happens to be one of those singular distributions then the analysis to come is still valid for x = 1 + for arbitrarily small . Thus we can eventually take the limit → 0 without changing the conclusion.
We now show that all eigenvalues are real. To that aim let us introduce the-non-singular-diagonal matrix
where p(k, j) is the fractions of links of the GN joining two nodes of degrees k and j. Hence T is a symmetric matrix and all its eigenvalues are real. But then so are the eigenvalues of M(x) because M(x) = TD −1 , which has exactly the same eigenvalues as the symmetric matrix D −1/2 TD −1/2 . Let u j and v j , j ∈ S, be the right and left eigenvectors of M(1) corresponding to the eigenvalue −α j . They verify the orthogonality condition v k ·u j ∝ δ kj . Accordingly, the solution ofṖ = −M(1)P can be obtained as
Substituting into (5) leads to the same expression for Q(t) as given by (6) but with the new sets of exponents and weights α k and
q k = 0 for k / ∈ S, and q 0 = 1 − k∈S q k . Equation (6) thus becomes our main result. It makes apparent that, in general, the process displays many different time scales that render it a semi-Markovian process [23] : The rate at which the process abandons the GN decreases as time elapses.
The following example illustrates the phenomenology of the process. Consider a network with a degree distribution p(k) = 1/50, 2 ≤ k ≤ 51, N = 20000 nodes, and z = 52. In order to generate an assortative network, we first assign degree k to nodes at positions 400(k−2)+1 to 400(k − 1). Position is a label used for convenience with no meaning whatsoever. The probability that a pair of nodes at positions i and j are connected is proportional to exp{−d/200}, where d = |i − j|. With this procedure, nodes with similar degree are preferentially connected, and high assortativity is ensured. Figure 1 sketches the dynamics of the RW within the GN, since its arrival to its departure. The degree of the node the process starts at is biased towards low values, simply because these nodes have more links pointing outwards. Every jump within the network tends to increase the degree of the node visited because, the higher the internal degree, the more likely it is for a node to be visited. A higher internal degree implies a lower external degree, hence a smaller probability to leave the GN. The resulting effect is as if the network was made of layers: the deeper the layer the more it traps the process. As time passes the process 2 . Acceleration of the molecular clock. In heterogeneous, assortative GN, the rate of accumulation of mutations is not constant in time. In sparsely connected regions (typically visited when the network is entered), the rate at which mutations are fixed is lower than at later times, when the RW has attained more connected regions of the GN. The effect is more conspicuous the smaller φ (i.e., the largest the difference in fitness between the current network and adjacent ones). Averages over 10 7 independent walkers have been performed for each value of φ.
either leaves the GN, or it goes down one layer and decreases its probability of leaving the GN. For this reason we call this phenomenon phenotypic entrapment.
Phenotypic entrapment has two important consequences regarding the molecular clock [24] . First, there is an increase in the rate at which jumps occur in the GN as time elapses or, in other words, in the rate at which mutations are fixed. When the RW enters the network, there is a relatively lower probability that it stays. However, if it does so, the corresponding neutral mutation takes a time to get fixed that depends on the degree of the current genotype (node), since the fixation rate τ = φ + (1 − φ)k/z. Thus, the age of a branch with few mutations will be systematically underestimated in phylogenetic trees, as illustrated in Fig. 2 , if a regularly ticking molecular clock is assumed. Second, the ticking rate of the clock depends on φ, that is, on the fitness value of the current phenotype (or GN) relative to neighbouring phenotypes. Only in the fully neutral case, where all phenotypes have the same fitness value (φ = 1) is the tick of the clock age-independent.
The dynamics of RWs on heterogeneous and assortative networks is non-Markovian: The escape probability of the RW depends on the time it has spent on the network. As a result, the rate of mutation accumulation varies with time, as well as with GN fitness. These results arise from the characteristic topology of GNs, and should add to other mechanisms (all Markovian) known to affect the uniformity of rates of molecular evolution [25] . Our results make some predictions on the shape of real molecular phylogenies that may be easy to test. First, there should be an excess of short branches as compared to time-homogeneous models, since the probability of leaving the GN is higher at short times. Second, the rate of accumulation of mutations should increase with the divergence time. Third, branches of equal length may have different characteristic ticking rates if their corresponding phenotypes differ in fitness. Phylogenetic models and phylogenetic data analysis should be rethought in the light of phenotypic entrapment, this being the first case of a bona fide non-Markovian process in molecular evolution.
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